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ABSTRACT 
Self-assembly of sub-micron particles suspended in a water 
film is investigated numerically. The liquid medium is allowed 
to evaporate leaving only the sub-micron particles. A coupled 
CFD-DEM approach is used for the simulation of fluid-particle 
interaction. Momentum exchange and heat transfer between 
particles and fluid and among particles are considered. A history 
dependent contact model is used to compute the contact force 
among sub-micron particles. Simulation is done using the open 
source software package CFDEM which basically comprises of 
two other open source packages OpenFOAM and LIGGGHTS. 
OpenFOAM is a widely used solver for CFD related problems. 
LIGGGHTS, a modification of LAMMPS, is used for DEM 
simulation of granular materials. The final packing structure of 
the sub-micron particles is discussed in terms of distribution of 
coordination number and radial distribution function (RDF). The 
final packing structure shows that particles form clusters and 
exhibit a definite pattern as water evaporates away. 
Keywords: Self-assembly; Discrete Element Method; 
Evaporation; Radial Distribution Function 
INTRODUCTION 
 Self-assembly of colloids and micro-scale particles has 
become a subject of great interest due to widespread 
advancement of micro-scale technologies. Fabrication of micro-
scale structures essential for many industrial applications such as 
optics [1-3], catalysis [4, 5] and printing technology [6] can be 
achieved by assembling micro-sized particles. Self-assembly of 
micro-scale particles induced by evaporation is a simple yet 
widely used microfabrication technique [7-10]. A complete 
numerical analysis of such a phenomena can be of great 
importance by providing deeper understanding of the assembling 
process. Many numerical methods such as Lattice Boltzmann 
method (LBM) [11, 12], Immersed Moving Boundary (IMB) 
method [13] are used to simulate the interaction between particle 
and fluid. However these methods have the disadvantage that if 
the number of particle is large computational efficiency increases 
enormously. The method used in this paper CFD-DEM is a 
robust and efficient method for simulating interactions among 
fluid and large number of particles. In CFD-DEM, particle to 
particle interaction is computed by Discrete Element method 
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(DEM) which is a highly appreciated Lagrangian approach for 
particle interaction simulation. The fluid phase is governed by 
Navier Stokes equation and finite volume method is used for the 
CFD part.   
In this study the final packing structure of 4500 mono-sized 
particles with radius of 5 µm is analyzed after they are settled 
down and the liquid medium in which the particles are suspended 
is evaporated. While most researchers focus on the momentum 
exchange between particle and fluid [14-16], in this study the 
heat transfer between particles and fluid and among particles are 
also taken into account. The problem in this case gets more 
challenging as evaporation or phase change is also included. The 
final packing structure of the particles is analyzed using 
distribution of coordination number and radial distribution 
function (RDF). Just before the liquid evaporates the particles 
are seen to agglomerate and form a pattern. 
NOMENCLATURE 
As spherical area, m2 
c damping coefficient, s 
cp specific hea, J/Kg K 
C Cunningham correction factor 
Ce evaporation coefficient 
d diameter of particle, m 
D distance, m 
e coefficient of restitution 
E elastic modulus, Pa 
F force on particle, N 
g gravity, m/s2 
h heat transfer coefficient, W/m2 K 
he enthalpy of evaporation, J/kg 
I moment of inertia, kg·m2 
kf thermal conductivity of fluid, W/m K 
ks thermal conductivity of particle, W/m K 
m mass of particle, kg 
M molecular mass of water, kg 
n unit vector, m 
Nu Nusselt number 
p pressure, Pa  
Pr Prandtl number 
Q power, W 
r position vector, m 
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R position vector, m 
R radius of particle, m 
R universal gas constant, J/mol K 
Re Reynold number 
S source term 
t time, s 
T torque, N m; temperature, K 
Tsat saturation temperature, K 
U velocity of fluid, m/s 
Ur relative velocity, m/s 
up velocity of particle, m/s 
Vs volume of particle, m3 
Vc volume of CFD cell, m3 
Greek Symbols 
αf volumetric fraction of fluid 
γ surface energy density, J/m2 
μ fluid viscosity, Pa s 
δn normal direction displacement, m 
δt tangential displacement, m 
λ mean free path of water, m 
μs sliding friction coefficient 
μr rolling friction coefficient 
ρ fluid density, kg/m3 
σ Poisson ratio; surface tension,  N/m 
τ shear stress tensor, Pa 
ω angular velocity, rad/s 
METHODS AND PHYSICAL MODELS 
The governing equation for the fluid phases consists of a set 
of volume averaged mass and momentum balance equations in 
an Eulerian description. The fluid phases are considered 
incompressible and in the CFD domain the particle phase is 
characterized by void fraction field αf. The liquid and the vapor 
phases are denoted by α1 and α2 respectively. 
The mass and momentum equations are given as: 
For fluid phase: 
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where ρ is the average fluid density, U is the average velocity of 
fluid, Ṡv represents source terms due to phase change, σK is the 
surface tension effect at the interface, prgh is the dynamic 
pressure, Fd is the drag force term, µ is the mean viscosity and g 
is the acceleration due to the gravity. The third term on the left 
side of equation (2) is the compressibility term added to obtain 
sharp interfaces [17] and Ur is the relative velocity between two 
fluid phases.  
For solid phase: 
,u F F F g F F
n t
p cohi i bij dij imm     (8) 
ω T Tr tij iji iI    (9) 
where mi is the mass of the ith particle, up,i is the velocity of the 
ith particle, Ii is the moment of inertia of the particle and ωi is the 
angular velocity of the ith particle. Fijn and Fijt are normal and 
tangential force due to contact, Fcoh is the cohesive force between 
two particles, mig is force of gravity, Fd is the drag force due to 
relative fluid motion and Fb is the buoyant force. Tijr is the torque 
due to rolling friction and Tijt is the torque due to tangential force. 
The models used to depict the forces will be introduced as 
follow: 
Drag force model: 
The drag force accounts for the force acting on the particle 
due to relative motion between particle and fluid. The drag 
model used is suitable for particles in the near sub-micron range 
[18]. 
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where λ is the mean free path of water which is 2.5×10-10 m and 
d is the diameter of the particle. 
Buoyant force: 
F gb sV   (12) 
where sV  is the volume of the particle. 
Contact force model: 
A contact force model is implemented to take into account 
the interaction among particles and between particle and wall. 
The model used is the Gran-Hertz-History model where a non-
linear relationship is assumed between overlap distance during 
collision and normal contact force. Other force that are included 
are viscous damping force and cohesive force. Tangential force 
during collision is also taken into account. 
The normal contact force during collision Fijn is given by 
[19-22]: 
 ˆ ˆ.nij n ij ij ijF v n nn nY c     (13) 
where  
4 / 3
n
Rn effY E  , 2 5 / 6n eff n effe B mc  ,    
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2
n
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where ˆ ijn is the unit vector pointing from particle i to particle j, 
e is the coefficient of restitution of the particles, ?̅? = 𝑅𝑖𝑅𝑗/(𝑅𝑖 +
𝑅𝑗) represents the geometric mean radius of the i and j particle, 
vij represents the velocity of the particle i relative to velocity of 
the particle j, Eeff = [(1-σ12)/E1 + (1-σ22)/E2]-1 is the effective 
Elastic modulus computed by each particle’s Elastic modulus 
and Poisson ratio, δn=Ri+Rj-|Rij| is the displacement in normal 
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direction and meff = mimj/mi+mj is the effective masses of the 
particles. 
The contact force in tangential direction is given as [23] 
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where δt is the tangential displacement vector given by 𝛿𝑡 =
∫ 𝒗𝑡𝑑𝑡
𝑡
𝑡0
, ?̂?𝑖𝑗is the unit vector along the tangential direction, t0 is 
the time when the two particles just contact without deformation, 
t is the time of collision. The tangential relative velocity is given 
by 𝒗𝑡 = [(𝒗𝑖 − 𝒗𝑗) ∙ ?̂?𝑖𝑗]?̂?𝑖𝑗 + (𝝎𝑖 × 𝑹𝑖 −𝝎𝑗 × 𝑹𝑗) where ωi or 
ωj is the angular velocities of particles i or j and Ri  or Rj is the 
radial vector. 
For the cohesive force Johnson-Kendall-Roberts (JKR) 
model [24] which is based on Hertz elastic theory is used. The 
mathematical expression is given as follow: 
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where γ is the surface energy density and D is the central distance 
between the i and j particles. 
The torque due to rolling friction and tangential force is 
given by [25]: 
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where µr is the rolling friction coefficient and ωij = ωi - ωj is the 
relative angular velocity. 
The energy equation for fluid phase is [26]: 
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where cp is the mean specific heat capacity of the fluid, kf is the 
mean thermal conductivity of the fluid, Ṡq is the source term due 
to evaporation, hs is the mean convection heat transfer coefficient 
for particle, As is the surface area of the particle, Vc is the volume 
of the CFD cell and Tf and Ts is the temperature of fluid and 
particle respectively. 
The convection heat transfer coefficient hs is calculated 
using the Nusselt number correlation for particles in a stream of 
fluid [26]. 
1/2 1/32 0.6 ns f sNu Re Pr   Res < 200 (19) 
1/3 0.8 3/2 1/12 0.5 0.02n ns f fs sNu Re Pr Re Pr     
200 < Res 
<1500 
(20) 
1.82 0.000045 n ss fNu Re   Res > 1500 (21) 
where n = 3.5, Nus = hsd/kf, Res = ρd|U-up|/µ and Pr = µcp/kf. 
Heat transfer between particles is also taken into 
consideration [23]. 
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where hc,i-j is heat transfer coefficient due to conduction, ΔTi-j is 
the temperature difference between particle i and j, ksi is the 
thermal conductivity of particle i and Acontact, i-j is the contact area 
for particle i and j. 
The particle temperature is finally calculated as follow: 
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The heat flux at the phase boundary for deviation of 
interfacial temperature Ti from Tsat is given as [27], 
 ev ev i satq h T T   (25) 
where qev is the heat flux due to evaporation and hev is the 
interfacial vaporization heat transfer coefficient. It is given by 
[27], 
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Table 1 Simulation parameter and properties 
Parameters Values 
CFD domain size, mm×mm×mm 6×6×6 
CFD cell size, mm×mm×mm 0.1×0.1×0.1 
CFD time step 1×10-5 s 
DEM time step 1×10-8 s 
Particle number 4500 
Particle diameter, radius 5×10-6 m 
Particle density, 𝜌s 7.87×103 kg/m3 
Water (liquid) density, 𝜌1 958.4 kg/m3 
Vapor density, 𝜌2 0.586 kg/m3 
Water (liquid) thermal conductivity, 
kf1 
0.691 W/m K 
Vapor thermal conductivity, kf2 0.0246 W/m K 
Particle thermal conductivity, ks 80 W/m K 
Water (liquid) viscosity, µ1 2.82×10-4 N s/m2 
Vapor viscosity, µ2 1.27×10-5 N s/m2 
Molecular mass of water, M 18.052×10-3 kg 
Universal gas constant, R 8.314 J/mol K 
Mean free path of water, λ 2.5×10-10 m 
Specific heat of water (liquid), cp1 4219 J/kg K 
Specific heat of vapor, cp2 2060 J/kg K 
Specific heat of particle, cps 450 J/kg K 
Surface tension of water, σ 0.07 N/m 
Evaporation coefficient, Ce 0.1 
Saturation temperature, Tsat 373.15 K 
Young’s modulus, E 200×109 N/m2 
Restitution coefficient, e 0.75 
Sliding friction coefficient, μs 0.42 
Rolling friction coefficient, μr 2×10-4 
Poison ratio, σ 0.29 
Surface energy density, γ 0.280 J/m2 
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where Ce is the evaporation coefficient, he is the enthalpy of 
vaporization, ρ2 is the density of vapor, R is the universal gas 
constant and M is the molecular mass of water. The gradient of 
the volume fraction field α1 is zero everywhere except at the 
interface. The interfacial area can be calculated by taking the 
volume integral of the magnitude of the α1 field over a region 
encompassing the interface [27]. This gives us a way to define 
the evaporation source term Ṡq and Ṡv based on equation (22). 
And the temperature source term due to evaporation is  
1 /ev
V
q q dV VS    (27) 
The mass source term due to evaporation is 
/v q f eS S h  (28) 
RESULTS AND DISCUSSION 
In this study 4500 particles each with a radius of 5 µm are 
initially suspended in liquid water film without touching each 
other. The size of the CFD domain is 6 mm × 6 mm × 6 mm. 
Liquid water filled the container to a height of 0.5 mm. To 
prevent the influence of side walls, periodic boundary condition 
is applied in lateral directions. The time step for the DEM case 
is 1×10-8 s whereas the time step for the CFD case is 1×10-5 s 
which means that for each CFD iteration DEM runs for 1000 
iterations. Smaller time step for DEM is applied to prevent any 
unrealistic overlap between particles during collisions. The 
entire CFD domain is kept at a temperature of 373.15 K initially 
with the exception of bottom wall which is kept at a temperature 
of 378.15 K for all the time.  
Figure 1 shows the initial configuration of the fluids and 
particles.  
 
Figure 1 Fluid and particle configuration at time t = 0 s 
 
Figure 2 shows evaporation of water film from the surface. 
Liquid water is found to be completely evaporated at about 2.17 
sec which means that evaporation still continues after the 
particles settle down. Particles are found to be completely settled 
at around 1 s which is much longer than the theoretical value to 
fall down if there is no water film. This is expected since there 
are drag force and buoyant force acting on the particles.  
Figure 3 shows the packing structure of the particles after 
they settled down at the bottom of the container. It can be seen 
that packing configuration tends to form a pattern with the 
particles agglomerated in a special way. This clustering of 
particles continues as the water continues to evaporate. 
  
(a) (b) 
  
(c) (d) 
Figure 2 Volume fraction alpha1 at (a) 0 s (b) 0.529 s (c) 1.39 
s and (d) 2.04 s 
 
 
  
(a) (b) 
  
(c) (d) 
Figure 3 Arrangement of particles at (a) 1 s (b) 1.9 s (c) 2.0 s 
and (d) 2.1 s 
 
 
Figure 4 Streamlines of resultant implicit forces on particles 
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Figure 4 shows the streamlines (blue lines) of the resultant 
forces acting on the particles at 2 s. It can be seen that lines are 
prominent around the particle clusters. To characterize the 
packing structure of the particles, the distribution of coordination 
number and radial distribution function (RDF) are taken into 
account. To define particles that are touching each other a critical 
distance equal to 1.01(r1+r2), where r1 and r2 are the radii of two 
particles, is set. Coordination numbers of the particles are 
calculated based on the assumption that if the center to center 
distance between two particles is less than this critical distance 
then the particles are considered as touching each other.  
Figure 5 shows the distribution of coordination number at 
various times. At time equal to 1 s particles settled down at the 
bottom but they are barely touching each other. This can be easily 
seen from the Figure 5 (a) where most particles are shown to 
have a zero coordination number. At time equal to 2.05 s there is 
a gradual rise in coordination number which shows that some 
particles are touching and coming closer to each other. At times 
equal to 2.135 s and 2.167 s coordination numbers as high as 8 
or 9 are observed. This means that some particles are sitting in a 
closed packed region. 
  
(a) (b) 
  
(c) (d) 
Figure 5 Distribution of coordination number at (a) 1 s (b) 
2.05 s (c) 2.135 s and (d) 2.167 s 
 
Another parameter which is used to analyze the packing 
structure is the radial distribution function (RDF). It describes 
the probability to find a particle in a shell dr at a distance r 
from another reference particle. 
2
(r)
(r)
4
V dN
g
N r dr
  (29) 
where V represents the total volume occupied by particles, N 
is the total number of particles, and dN(r) is the number of 
particles in a shell of width dr at distance r from the reference 
particle. 
RDF at time equal to 1 s shown in the Figure 6 (a) shows 
no peak since the particles are not touching each other. At time 
2.05 s RDF shows peaks indicating the fact that particles are 
now forming clusters. A closer look at the peaks reveals that 
there are actually three peaks. The first peak is at 2r which 
corresponds to the one to one contact configuration. The 
second and third peak are at 2 2r and 4r which correspond to 
the edge-sharing-in-plane equilateral triangle and three 
particles centers in a line contact type. The peak values of RDF 
continue to change as the particle packing structure changes. 
  
  
(a) (b) 
  
(c) (d) 
Figure 6 Radial distribution function (RDF) at (a) 1 s (b) 2.05 
s (c) 2.135 s and (d) 2.167 s 
CONCLUSION 
A numerical investigation on evaporation induced self-
assembly of sub-micron particles is carried out using a coupled 
CFD-DEM approach. The interaction between fluid and particle 
is thoroughly considered by taking into account the momentum 
exchange and heat transfer between particle and fluid. In the 
simulation liquid water film is allowed to evaporate and leave 
the particles at the container alone. Interesting patterns are seen 
to emerge as the liquid water film evaporates. The resulting 
packing structure is analyzed in terms of the range of 
coordination number and radial distribution function which also 
indicate the self-assembly of the particles. 
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